Abstract-
I. INTRODUCTION Worldwide initiatives are pointing towards the increasing integration of renewable energy sources for electricity generation. Regarding the global energy mix within the European context, wind power presents a massive contribution for the accomplishment of the 20-20-20 targets. In fact, during the last decades, about 94.000 MW of wind power has been installed in Europe [1] . Nevertheless the increase of onshore wind power penetration is being compromised by the scarcity of favorable spots and strong restrictions on acquiring licenses for grid connection. Additionally, system adequacy and security of supply requirements and the need of creating a single European Energy Market are the main drivers justifying more electrical interconnections [2] . The development of these interconnections is being considered by land and by sea through the development of offshore grids, as it is documented in the European project "Twenties" [3, 4] and in the Intelligent Energy Europe projects "OffshoreGrid" [5] and "TradeWind" [6] . In both cases, offshore interconnections are expected to provide two main requirements: the support to exchange power between AC areas and offshore wind power integration.
The AC transmission of bulk power over large distances in offshore interconnections is technically limited by the high capacitance of shielded power cables. Specific studies have identified High Voltage Direct Current (HVDC) technology as the most suitable solution for offshore grids development [7] [8] [9] . Although HVDC-LCC is a robust solution used for many years for bulk power transmission, HVDC-VSC seems to be the most promising technology since it uses small harmonic filters, it allows the independent control of active and reactive power, bidirectional power flows, voltage support and it is able to provide black-start capability [8] [9] [10] .
The point-to-point offshore connections present important drawbacks related to reliability and flexibility of operation. Different criteria such as higher flexibility, increased redundancy and reduction of maximum power not supplied to onshore grids in case of DC disturbances are the main drivers for the development of the Multi-Terminal DC (MTDC) grid concept [4, [11] [12] [13] . A derivation of a general model for the simulation of MTDC grids is presented in [13] . In [14, 15] , the active power-DC voltage droop control concept is used at onshore VSC for stations as an alternative to master-slave solutions based on communications. This control concept is further exploited in [14] , where the authors propose the use of reduced scale laboratorial models for providing additional insights and validations regarding MTDC grids.
A fully operational MTDC grid with offshore wind farms can be regarded as a large (virtual) power plant with multiple injection points. Given the key role MTDC grids will play in the future, its contribution for the provision of ancillary services needs to be envisioned. In this sense, it is expected that MTDC grids will provide Fault Ride Through (FRT) capability for faults occurring in the mainland AC grid, similar to grid code requirements for onshore wind power connection [16] .
Several research activities can be found in the bibliography regarding the identification of solutions for the provision of FRT capability in different types of wind generators available in the market [16] [17] [18] . The technical solutions for FRT for onshore wind farms share a common characteristic: they rely on the AC voltage magnitude for detecting the fault occurrence and to control the generator accordingly. However, the adoption of HVDC transmission systems for the integration of offshore wind farms decouples the wind generators from the mainland grid. In this case, offshore wind farms will not be explicitly affected by onshore AC faults. The analysis and performance evaluation of different control solutions for the provision of FRT requirements in point-to-point HVDC systems equipped with VSC is discussed in [19] [20] [21] . In any case, the DC voltage rise due to the onshore VSC power transfer reduction during the fault is the major concern for the development of any control strategy. In order to mitigate the DC voltage rise effect, several techniques can be found. In [21] , the authors propose five methodologies to dissipate/accommodate DC grid power in order to control the DC voltage rise. All the proposed methodologies require the existence of a fast communication channel between onshore and offshore converter and involve: power dissipation in breaking resistors using a full-rated DC chopper, active power reduction output through offshore converter current control, perform wind turbine set-point adjustment, perform offshore grid frequency variations and finally perform a controlled offshore AC grid voltage reduction. In [22] the authors propose a strategy to control the DC voltage during the fault by de-loading the offshore converter proportionally to the DC overvoltage magnitude. Also, the installation of DC grid chopper resistor has been contemplated. Both approaches present to be effective for DC voltage magnitude control with the benefit of not requiring any communication channel between onshore and offshore VSC.
The specificity of MTDC grids increases the challenge for the implementation of communication networks for fast control actions [23] . In general, a communication based solution demands for some coordination regarding the decision making process for the definition and assignment of power in-feed reductions in the MTDC nodes required to control the DC voltage rise. In this specific case, communication delays or failures may cause unacceptable DC overvoltages, precluding the successful implementation of FRT capability.
In fact, the communications and processing delays may not comply with the restricted time-frame to perform DC voltage control in case of a fault [21, 22] . In line with the decentralized control concept presented in [23] for the provision of primary frequency control mechanisms from MTDC grids, this paper aims to demonstrate the possibility of extending the referred control concepts in order to develop a set of controllers to be housed at HVDC-VSC stations as well as at the offshore wind turbine level in order to assure the necessary conditions for mainland AC FRT compliance from MTDC systems. The performance of the proposed control concepts is demonstrated considering the most typical wind turbine technologies currently available: Doubly Fed Induction Generators (DFIG) as well as synchronous generators connected to the grid through a full converter topology.
II. MODELING AND CONTROL OF MTDC GRIDS
The MTDC grid is based on a bipolar DC cable infrastructure that provides the interconnection of "N" offshore Wind Farms (WF) to "M" mainland collection points interconnected to the onshore grids. In order to evaluate the dynamic behavior of the overall MTDC grid, including the HVDC-VSC stations and offshore wind farms, it is necessary to develop adequate models for simulating the operational characteristics of the overall system. Modeling system components will allow the identification of the most appropriate decentralized control strategies to be installed in the system in order to assure the system is able to provide FRT capability following a mainland AC grid fault. It is important to highlight that the major dynamic phenomena to be analyzed in this paper are associated to faults occurring in the mainland AC grid [13, 23, 24] . Therefore, a RMS modeling approach is assumed to be used in order to represent the major system dynamics. Taking into account this general consideration, the next sub-sections presents a brief description of each component model in the MTDC system.
A. DC Grid
The DC grid is assumed to be bipolar (symmetrical voltages ± V n ), being the DC cables represented by a concentrated parameter model (cable resistance, inductance and capacitance) as it is suggested in [13] . Following this approach, the DC grid algebraic and state equations can be derived.
B. HVDC Converters
As it was previously mentioned, HVDC-VSC technology is assumed to be used in the MTDC grid, both at the onshore and off-shore converter stations, in order to provide the desired flexibility and controllability. In line with the scope of the studies to be developed, an RMS modeling of the converters is assumed, where losses, harmonics and fast switching transients of the converters were neglected. Therefore, from the onshore and offshore AC grid perspective, converter stations can be regarded as controllable AC voltage sources. Both onshore and offshore converters were then modeled based on their main control loops, as it is suggested in [14, 25] .
The HVDC-VSC models and operational philosophies are presented hereafter for the purpose of the issues discussed in this paper. 1) Offshore converter: The offshore WF is assumed to be connected to an AC grid, whose voltage and frequency are to be controlled by the offshore HVDC-VSC station. Simultaneously, the offshore converter interfaces the AC offshore WF network with the MTDC grid. From the AC side, it performs as a slack bus for the AC offshore grid by collecting all the generated power and delivering it to the DC grid. The main converter control loops are presented in Fig. 1 .
The converter model is implemented in the synchronous reference frame. The HVDC-VSC output voltages
values are set through PI controllers considering the voltage and current errors in the referred d and q reference frame [23] . As aforementioned, this converter also controls the offshore AC grid frequency.
2) Onshore Converter:
The onshore HVDC-VSC is responsible for interfacing the MTDC grid to the AC onshore grid and by the control of the DC terminal voltage (which thereafter leads to the control of active power being injected into the onshore AC grid). The DC voltage reference (VDC ref ) can be defined through a local droop controller [14] that can be expressed by the relation presented in (1):
where P out is the active power delivered by the HVDC-VSC to the onshore AC grid, k pv is a droop that relates the active power and DC voltage variations and V 0 DC is a configurable value that can be defined to change the steady-state power sharing between converters. A key characteristic of this control scheme is related to the natural sharing of power variations within the MTDC grid through the onshore HVDC-VSC stations. 
C. Wind Generator Model
Regarding the offshore WF, two most common generator technologies with FRT capability were considered in order to demonstrate that the FRT control schemes for the MTDC grid proposed in this paper are effective for these cases. For the first case, offshore WF were assumed to be equipped with Permanent Magnet Synchronous Generator (PMSG) interfaced with the AC offshore grid via an AC/DC/AC full converter. For this case a lumped model has been adopted according with the model described in [26] .
For the second case, offshore WF were assumed to be equipped with Doubly-Fed Induction Generator (DFIG) following the model approach suggested in [27] . 
III. CHALLENGES FOR FRT PROVISION BY HVDC GRIDS
HVDC-VSC technology is able to remain connected to the AC grid during low voltage sags [24, 28] . For the converters connected to onshore AC grids, a voltage sag in the AC side will lead to a current increase, since the converters will try to remain transmitting the same amount of power. Nevertheless, power electronic converters have a maximum current limit associated with the characteristics of the power electric switches. Such characteristic results on a significant reduction of power being injected to the faulted AC mainland grid, which leads to a DC power unbalance that results on DC overvoltages [21, 22, 29] .
From the converters point of view, it was assumed that its maximum output current i lim is equal to the nominal current. Assuming that during a fault a certain reactive current component i q is to be injected by the converter station for the purpose of supporting AC voltage, the i d component can be defined as
The offshore converter current limiting follows a strategy similar to the one used for the onshore station. However the rationale for the implementation of current limiting in the offshore converter differs from the onshore on the point that no reactive current injection is required to be performed by this converter, since it could preclude the use of offshore WF control strategies based on the reduction of the offshore grid voltage. Thus, the i d component should be maximized being limited by: i d =i lim .
A. DC Overvoltages during AC Fault Events
The previously described current limits in the converters are responsible for reducing the onshore converter active power injection capability during low voltage periods. Offshore WF operations strategy is based on the extraction of the maximum power from the wind, while offshore HVDC-VSC is injecting the offshore wind power into the DC grid. Therefore, in the moments subsequent to an AC mainland fault, a significant power reduction occurs in the HVDC-VSC terminal connected to the faulted area. Without the use of any specific strategy (which are to be discussed in the next section), the offshore WF will continue to operate under a maximum power extraction strategy. Consequently, a DC power mismatch will occur in the MTDC system that will result on DC overvoltages [22, 29] . These DC overvoltages must be controlled in order to keep the system in operation, by avoiding equipment damages and provide the desired flexibility in terms of FRT capability.
IV. NEW APPROACHES FOR FRT PROVISION IN MTDC GRIDS
It was already identified that in the moments subsequent to an AC fault occurrence, the provision of FRT capability form the MTDC grid is directly linked to the ability of controlling the DC voltage rise as a result of the power not being injected into the onshore network. In order to mitigate the DC voltage rise effect, two communication-free control solutions are proposed in the next section. These solutions are benefic regarding the reduced time frames for DC voltage control in case of an onshore grid fault solutions, thus simplifying the communication channels requirements. The first approach consists on the use of an active element for power dissipation in the DC grid -braking resistor interfaced by a power electronic converter, commonly known as DC chopper resistor. The other approach, which exploits the control flexibility of both HVDC-VSC converter stations and from wind generators, is based on the implementation of local controllers at the offshore converter stations and at the wind turbine level. Due to the natural advantages of the second approach, it will be discussed and analyzed in detail within this paper.
A. Onshore DC Chopper
A DC chopper consists on a DC resistor controlled through a power electronic switch and it is to be installed at HVDC-VSC onshore converter stations. A detailed analysis of a solution based on the use of DC chopper resistors as well as its sizing for FRT compliance in MTDC grids is out of the scope of this paper. Nevertheless, it is important to mention that the design of such a solution depends on several factors, namely the MTDC grid power in-feeds (power in-feeds from offshore wind farms or from other mainland AC grid areas) as well as on the mainland grid connection points and its electrical distance. In this case, a simple approach based on a worst case scenario, can be considered. The worst case condition corresponds to a situation all HVDC-VSC stations are operating at the nominal power. In case of a fault, healthy converters (connected to non-faulted AC mainland grids) are not able to increase their power injection and power dissipation in chopper resistors is required in order to mitigate the DC voltage rise. Based on this assumption, each DC choppers must be sized to dissipate the nominal power of the HVDC-VSC to which it is connected.
The activation of each DC chopper control strategy is based on a DC voltage threshold that will trigger power dissipation in the resistor. In terms of RMS system modeling, the DC chopper active power dissipation is locally regulated based on a proportional control rule having as input the positive DC voltage deviation (overvoltage magnitude). The DC chopper de-activation occurs if: (1) the DC voltage reaches a value below the threshold activation level (eg.: after fault clearance) or; (2) the chopper resistor temperature overreaches the maximum value (thermal protection tripping), meaning that the resistor maximum energy dissipation capability has been overreached. This specific situation is often related to a permanent fault event and must be handled by additional control schemes to perform permanent active power reduction at offshore WF-level.
B. FRT Provision through Wind Turbine Power Regulation
Modern wind turbines are able to provide FRT when they are connected to AC grids in onshore applications. As previously mentioned, MTDC grids decouple the offshore WF grid and the onshore AC grid. However, the DC overvoltages resulting from onshore AC faults can be exploited in order to implement a local controller at the offshore converter station that will lead to fast wind turbine power reduction. Regarding the strategies for fast power reduction at the turbine level, two different methodologies are proposed, being both based on the DC voltage rise effect (see Fig. 3 ):
a) The DC voltage raise can be used in order to control the magnitude of the AC output voltage of the offshore HVDC-VSC. Therefore it is suggested to include a local control at the HVDC-VSC station that proportionally decreases the AC voltage as a function of the DC voltage rise in the converter DC terminal:
where V AC is the offshore AC voltage magnitude, V ACref is the AC voltage magnitude reference, k DC/AC is the droop gain that adapts the DC to the AC offshore voltage, V DCref is the steady state DC voltage reference and finally V DC is the actual DC voltage magnitude. With this scheme, it is assumed offshore wind generators have FRT capability, which can also be an interesting feature regarding offshore AC grid faults. With the use of this strategy, wind generators will be able to sense the offshore AC grid undervoltage and quickly reduce the injected active power.
b) The DC voltage raise can be used in order to control the frequency of the AC output voltage of the offshore HVDC-VSC. In this case, it is suggested to include a local control at the HVDC-VSC station that proportionally increases the AC grid frequency as a function of the DC voltage rise in the converter DC terminal:
where f offshore is the actual offshore frequency, f ref is the reference value for offshore frequency, k DC/f is the droop gain that adapts DC voltage to offshore frequency variation. This control scheme it to be complemented at the wind generator level with a control loop that provides a fast generator power reduction as a function of the offshore AC grid frequency increase. As previously mentioned, two generators technologies (PMSG and DFIG) were assumed to be used in offshore WF in order to test the validity and performance of the proposed active power control strategies. Regarding PMSG, the wind generator local control for active power regulation is set to dissipate active power proportionally to AC offshore grid voltage (case a)) or frequency (case b)) variations. The power dissipation is to be made at the wind generator chopper resistor installed on the DC busbar of the AC-DC-AC full converter [26] .
For the DFIG the active power regulation is naturally achieved for the AC voltage regulation strategy (strategy a)), since the undervoltage occurrence leads to the generator demagnetization, increasing slightly its angular speed and consequently reducing the injected power. For the frequency regulation strategy the generator controls its rotational speed as it is suggested in [27] .
V. SIMULATION RESULTS
In order to characterize the MTDC grid operational issues when performing FRT and to evaluate the impacts and the performance of the local control strategies to be applied at onshore and offshore converter stations, the test system shown in Fig. 4 was used. It consists of two non-synchronous onshore AC areas represented by a single machine equivalent that collects offshore power from a four terminal H-topology MTDC grid including two offshore WF. A full characterization of the test system can be found in [23] . Each offshore WF (either equipped with PMSG or DFIG generators was modelled by a single equivalent machine with a power production reference of 200 MW. The HVDC-VSC stations have a nominal apparent power of 250 MVA (1.25 p.u.). The test system was fully modelled in a Matlab/Simulink simulation platform, according to the dynamic models of the components that were previously described. In order to characterize the transient overvoltage phenomena in MTDC grids, a 500 ms three-phase fault was simulated near the Area#1 onshore converter AC terminals at t = 1 s (see Fig. 4) .
A. Offshore Wind Turbine Power Regulation Strategies
The two offshore regulation mechanisms for wind turbine power reduction in the moments subsequent to a mainland AC fault (AC offshore voltage reduction and AC offshore frequency increase) have been tested in two distinct scenarios: 1) both WF equipped with PMSG wind turbines and 2) both WF equipped with DFIG wind turbines. In these scenarios, both types of wind generators were assumed and modeled as FRT compliant [26, 27] . Nevertheless, the reactive current injection was de-activated in order to avoid AC offshore grid voltage leveraging which countermeasures the designed power reduction through AC offshore voltage control scheme. Regarding the control mechanism associated with the AC offshore frequency control, it is important to stress that due to the fault time durations, wind turbine pitch controller were not used regarding the time frame that is necessary to avoid the DC transit overvoltage. Fig. 6 and Fig. 7 . In Fig. 5 it is possible to observe that the AC voltage profile reduction is successfully achieved for the both scenarios (WF equipped with PMSG and with DFIG). As a result, the DC voltage profile raise is controlled and reach peak values below the maximum admissible overvoltage. A difference on the AC voltage behavior is also noticeable. This fact is related with the natural response of each generator regarding the voltage reduction. The PMSG quickly dissipates active power on its own DC chopper (previously referred as WT chopper). On contrast, the DFIG reduces power naturally due to the terminal voltage drop (generator demagnetization). The evolution of DFIG speed is also depicted in Fig. 5 and it can be verified that the generator speed increases as a result of the voltage sag that reduces the electromagnetic toque of the generator. 2) Wind Turbine Power Control through Offshore AC Grid Frequency: The alternative scheme for power reduction at offshore level is based on the WF AC grid frequency control proportionally to the DC voltage increase. This strategy was also tested for WF equipped with PMSG and DFIG. The major results are presented on Fig. 8, Fig. 9 and Fig. 10 . The results depicted in Fig. 8 allow concluding that the frequency increase has been successfully accomplished on the offshore WF AC grid for the both cases. It is also observable by the frequency behavior that DFIG-based WF has a bigger settling time comparing to the PMSG-based. This fact is related with the DFIG speed that quickly increases promoting the active power reduction and after fault clearance takes some time to settle back to the pre-disturbance value. Regarding the power flow behavior depicted in Fig. 9 , it can be observed that both WF are able to reduce the power injection to the DC grid during the fault occurrence. However, after fault clearance the PMSG-based WF is able to quickly restore the pre-fault power injection value. In contrast, DFIGbased WF takes more time to attain the pre-fault power level. This fact can be justified by the control used on the DFIG generators which acts on the machine speed by increasing it to reduce the torque and consequently reduce the active power injection. This procedure has a higher time constant when compared to the chopper power dissipation used on PMSG generators due to the mechanical response of the generators. 
VI. CONCLUSION
This paper provides a discussion on the identification and development of communication-free control strategies for FRT provision on MTDC grids interconnecting offshore WF with AC mainland grids. The major challenge for the FRT provision in MTDC grids results from DC overvoltages, which must be rapidly controlled, in the moment subsequent to a mainland AC fault. The classical solution based on the use of onshore chopper resistors is an effective solution that can be easily implemented since its control is based on local measurements. Although the use of such strategy fully decouples offshore WF from the mainland AC fault, which is benefic regarding the reduced stress conditions for the wind turbines, the size of the required DC chopper resistors my hinder its application from an economical point of view.
Alternative approaches for the mitigation of MTDC overvoltages are based on active power reduction at the turbine level throughout the exploitation of a communicationfree control strategy which is based on a set of local controllers to be installed at the offshore converter station and at the wind turbine level. The achieved results allow concluding that the proposed control strategies are robust under very stressful conditions. The proposed strategies (AC offshore voltage reduction and AC offshore frequency increase) are effective regarding active power reduction at the wind turbine level in order to assure FRT compliance from MTDC grids. The major advantage of these strategies relies on less investment regarding the implementation of the required control functionalities. However, these strategies lead to additional stress over the turbines is case of a fault. Therefore, additional research is required in order to effectively size a solution exploiting all the alternatives that were discussed in this paper.
